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This report describes the gas chromatographic method developed for 
the d^iermination of the partial pressure of CO^ (pCO^) in descrete water 
samples, and lists the data obtained during the seven legs of the Transient 
Tracers of Oceans Project in the North Atlantic Ocean, April - Oct.,1981. 
This project has been supported by the grants from the National Science 
Foundation:OCE-79-16574 for the development of the technique, and OCE-80- 
08349 and 0CE-81-10646 for the field experiments and data reduction. 
The CO^ partial pressure was measured at 20.0°C in a thermostated 
bath on board the R/V Knorr, and all the reported values are thus referred 
to this temperature. On the basis of the data obtained at near-by stations 
and multiple analyses of single water samples, the precision of the measure¬ 
ments at 20°C has been estimated to be + 1 uatm on the average. 
To test the internal consistency among the alkalinity, total CO^ conc¬ 
entration and pCO^, the measured values of pCO^ are compared with those 
computed at 20°C and 1 atm total pressure using the alkalinity and total CO^ 
concentration values obtained by the potentiometric acid titration method. 
In addition, the total CO^ concentration was computed using the measured values 
of the alkalinity and pCO^, and is compared with that determined by the tit¬ 
ration method. The discrepancies between the measured and computed values 
are listed for each water sample, and the mean of the discrepancies at each 
station is also presented. The computer programs used for computation of 
pCC^ from the alkalinity and total CO^ and of the total CO^ concentration 
from the alkalinity and pCO^ are listed at the begining of the data listing. 
In formulating these programs, the alkalinities contributed by carbonic,boric, 
silicic and phosphoric acids and water are taken into consideration, so that 
the computation is consistent with the computational method used for processing 
of the acid titration data for alkalinity and total CO^ values. The apparent 
dissociation constants for these weak acids and water in seawater, and the 
solubility of CO^ seawater are based on the following studies; 
Mehrbach et al (1973) for carbonic acid, 
Lyman (1956) for boric acid, 
Sillen and Martell (1964) for silicic acid. 
2. 
Kester and Pytkowicz (1967) for phosphoric acid, 
Millero (1979) for water, 
Culberson and Pytkowicz (1973) for activity of water, and 
Weiss (1974) for CO^ solubility. 
REFERENCES 
Culberson,C. and Pytkowicz,R.M. (1973), Ionization of water in seawater, 
Marine Chemistry ,J^, 403-417. 
Kester,D. and Pytkowicz,R.M. (1967), Determination of the apparent dissociation 
constants of phosphoric acid in seawater. Limnology and Oceanography, 
_12,243-252. 
Lyman, J. (1956), Buffer mechanisms in sea water, Ph.D. Thesis, Univ. of 
California, Los Angeles, 196 pp. 
Mehrbach,C. ,Culberson,C.H., Hawley,J.E. and Pytkowicz,R.M. (1973),Measure¬ 
ment of apparent dissociation constants of carbonic acid in seawater 
at atmospheric pressure,Limnology and Oceanography,18,533-541. 
Millero,F.J. (1979),The thermodynamics of the carbonate system in seawater, 
Geochimica et Cosmochimica Acta,43,1651-1661. 
Sillen,L.G. and Martell,A.E. (1964),Stability constants of metal-ion comp¬ 
lexes,The Chemical Society(London),Sepc.Pub . JJ7,751 pp. 
Weiss,R.F. (1974),Carbon dioxide in water and seawater:the solubility of a 
non-ideal gas, Marine Cehmistry,2,203-215. 
0 
3. 
THE EQUILIBRATOR-GAS CHROMATOGRAPH SYSTEM 
FOR MEASUREMENTS OF pC02 IN DESCRETE WATER SAMPLES 
The pCO^ measurement system consists of a gas-seawater 
equilibrator, a gas chromatograph (a Perkin-Elmer Model Sigma4B)and a 
dedicated computer for data recording and processing (a Perkin-Elmer 
Model Sigma 10). 
The Pyrex glass equilibration vessel (520 ml total volume) shown in 
Fig.l is initially filled with seawater nearly to the top^leaving about 
1 ml of gas space to allow for thermal expansion of water. After the temp¬ 
erature of the water sample is equalized with a bath temperature of 
20.0°C, a standard gas (1000 ppm C02 in dry air) is introduced into the 
vessel through the valves and V^ to displace about 50 ml (measured to 
+0.3 ml) of water out of the equilibration vessel. Since the tubings, 
air pump and sampling loop ’ have-been purged previously with the same 
gas, the equilibrator system is now filled with the standard gas of a 
known CO^ concentration, and the gas pressure in the system is equalized 
with the ambient barometric pressure (measured by a recording barometer 
in the room) through a vent located on Since this procedure is 
done quickly, it is expected that little C02 is exchanged between the water 
sample and the carrier gas, and thus, the initial condition of the equili¬ 
brator system is precisely defined: i.e. the volume of water, and the 
pressure,volume,temperature and initial C02 concentration in the carrier 
gas are known. is then rotated to the position indicated in Fig.l, and 
the water discharge valve,V^, is closed to establish a closed gas circu¬ 
lation system. 
The carrier gas is circulated by an air pump at a rate of 
about 600 ml/min .through the water sample, the valves V^,V^,V^ and V^, 
and the gas sampling loop (1 ml) attached to V^. The precision needle 
valve,V^, is to by-pass the main flow of gas, and is so adjusted to let 
about 50 ml/min of the circulating gas through the sampling loop. The 
temperature of and the sampling loop is maintained at a constant temp¬ 
erature of 45.0 + 0.05°C to insure the constancy of the volume and temperature 
of the gas sample for C02 analyses. To sample a portion of the circulating 
gas for C02 analysis, the air pump is first stopped, and the gas in the 
sampling loop is allowed to be thermally equilibrated to 45 °C for % minute. 
4. 
The gas pressure in the equilibrator system is also equalized within this 
period. The rotary valve,V^, is then rotated to isolate the loop from 
the equilibrator system, and at the same time, to connect it to the G.C. 
system for CO^ analysis. It allows high pressure pure hydrogen gas generated 
by an electrolytic process unit (see Fig.l) to flow through the loop and 
sweep the sample gas into the chromatographic column (about 6 feet of Chromo- 
sorb 102). As the sample flows through the column, CO^ is separated from 
oxygen and water vapor. As soon as the sample is injected into the column, 
the vent valve is opened by a command from the computer for 0.6 minutes 
to vent oxygen out of the system. The vent valve is switched back to the 
G.C. system after this time to allow the passage of CO^ into the Ni catalyzer 
column (at 380°C), where CO^ is converted quantitatively to methane. The 
methane thus produced is introduced into the flame ionization detector, which 
is fueled by hydrogen and pure air(free of hydrocarbons'). , The methane 
signal is processed by the on-line computer, and the area under the G.C. 
peak for methane is computed. The vent valve V, is opened again for a 
period of 4 minutes (5 to 9 minutes after the injection) for water vapor 
to be vented out of the system. Under optimum conditons of a land-based air= 
conditioned laboratory, the G.C. system yields a reproducibility of + 
0.06%, whereas under - shipboard conditions, it yields a reproducibility 
of + 0.15%. 
To determine the time required for equilibration of 470 ml of 
a typical-North Atlantic deep water sample (700 ^iatm pCO^ at 20°C) with 
about 100 ml of carrier gas with an initial pCO^ of 1000 ^iatm or 400 yuatm in the 
equilibrator, the pCO in the circulating carrier gas was determined-as a z 
function of time. We have found that about 20 minutes of equilibration 
time is needed to achieve equilibration. Therefore, for routine determination 
of. pCO^ on'board the ship, a water sample was equilibrated for 20 minutes 
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PRINCIPLES OF pC02 DETERMINATION 
One of the unique features of our equilibrator-gas chromato¬ 
graph system described above is that pCO^ in a gas sample can be directly 
determined by sampling and analysis of "wet" gas samples. In all previous 
experimental studies of pCO^ in air and seawater including those of 
Takahashi (1961), Broecker and Takahashi (1969), Li et al (1969), Keeling 
et al (1968-a, b), Takahashi et al (1976) and Weiss (1979), water vapor 
was first removed from the sample, and the concentration of C02 in dry 
gas sample was measured by an infrared analyzer or a gas chromatograph. 
pC02 was calculated using the C02 concentration (in mole fraction or volume 
fraction)and the total pressure of the dried gas,P^, by: 
PC02 = (C02) (PT - pH20), 
where pH20 is the partial pressure of water vapor in the sample before drying. 
Since pH20 and P are not directly measured and are commonly inferred from 
the experimental condition,this procedure may introduce errors in the pC02 
determination. Our new method is designed to measure pC02 directly by 
measuring the number of moles of C0o in a "wet" gas sample using a gas 
chromatograph. The principles for such measurement are briefly explained 
below. 
Fig.2 shows a simplified view of the equilibrator and sampling 
loop in our system. The temperature of equilibrator is maintained at a 
constant temperature,T^, and that of the sampling loop (including in 
Fig.l) is also kept constant at T . The volume of the sampling loop is 
s 
V , and the same loop is used for sampling of the standard gases for 
s 
calibration. After circulation of the carrier gas is stopped,the tempe¬ 
rature of the gas in the sampling loop is equilibrated to T , and the total 
s 
pressure of the gas is uniformly at P^ in the equilibrator. £ince the 
mole fraction concentration of C02 and H20 in the carrier gas is uniform 
in the system, and since the partial pressure is a product of the total 
pressure and the concentration (i.e. p = P • f , where p is the partial 
pressure and f is the mole fraction concentration of CC>2 or H20), the pC02 
in the carrier gas, p , should also be uniform throughout the system, 
s 
although Tg is not equal to T . 
On the other hand, the area under the chromatographic peak 
for C02 represents the number of C02 molecules in the sampling loop, and 
7. 
Fig. 2 A simplified view of the equilibrator and sampling loop. 
Two positions of the gas sampling loop are shown: the solid line is 
used to indicate the equilibration mode, and the dotted line is used to 
indicate the G.C. analysis mode. The volume of loop is V ,. The thermo¬ 
static box surrounding the sampling loop corresponds to that surrounding 
shown in Fig.l. 
Gas Sampling Loop 






Constant Temperature Bath 
8. 
gives the number of moles of CO^ in the gas sample (which may contain 
water vapor) of volume V . Therefore, assuming the ideal gas law, we 
s 
obtain the partial pressure of C0„ in carrier gas, p , by 
z s 
p = n R T /V 
s s s s 
(1), 
where n is the number of moles of C0_ in the sampling loop, R is the gas 
s ^ 
constant, and T and V are respectively the temperature and volume of 
s s 
the sampling loop. Note that neither the total gas pressure, P , nor 
PH20 enter into the equation. The gas chromatograph is calibrated 
using two or more standard gas mixtures of known COmole fraction concent¬ 
rations (based upon the gravimentric standards of Na2C02 crystals) in dry 
air, the number of moles of C02 in the sampling loop can be expressed 
with a high precision in terms of a quadratic function of the chromato¬ 
graphic peak area. A, by: 
o 
.(2), n = (k. A + k A )P, V /R T 
s 1 2 b s s 
where P is the barometric pressure at which the chromatograph is calibrated, 
b 
and k^ and k2 are the adjustable constants determined by curve fitting the 
CO concentration vs peak area relation. P, is determined using a recording 
2 
barometer with a precision of + 0.-05%. For our instrument, the k^A term 
is small compared to the k^A term, and amounts to 1% or less of k^A. 
Substitution of Eq.2 into Eq.l yields: 
ps = <k!A + k2A > Pb (3). 
Becasue of the use of the same sampling loop for calibration gases and 
the sample gas, V and T are cancelled. This is our working equation. 
s s 
Since it takes about 20 minutes to equilibrate a seawater 
sample with the carrier gas;and since p is uniform throughout the system, 
s 
p measured at T after 20 minutes of equilibration should be equal to the 
s s 
pC02 of the water sample at temperature T . During the TTO test cruise, 
T^ was controlled at 20.0°C, and the pCC>2 values at this temperature are 
reported in this report. This equilibration temperature has been selected 
by the following reasons;(1) since the titrator determination of the alkalinity 
o. 
and total C02 concentration was performed at 25 C, and the titration data 
were processed using the 25°C values for K^,K2 and K^, it is desirable to 
measure pCO^ at a temperature close to 25°C; (2) to avoid condensation of 
water vapor in the tubings of the equilibrator system, the temperature of 
9. 
circulating gas should be lower than the laboratory temperature, which has 
been kept above 20 C; and (3) since C.D. Keeling of Scripps is conducting his 
experiments at 20.0°C to elucidate the precise relationship between pCO^ 
and total cocnetration in seawater, the results of our shipboard study 
at this temperature can be directly compared with his without correcting 
the respective data for temperature difference. 
The pCO^ value thus measured using Eq.3 has to be corrected 
for a minor change in the total CO^ concentration of the water sample, 
which resulted from the difference in the pCO^ in water and that in the 
carrier gas used to initially fill the equilibrator system. The volume 
of the seawater sample, the volume,temperature and pressure of the 
initial carrier gas, and the diffrence between the initial pCO^ value in 
the carrier gas and the final seawater pCO^ value are needed to compute 
the amount of CO^ transferred from or to the water sample during the 
equilibration process. Because of the large water volume/gas volume 
ratio in our system, this correction is small and amounts to less than 
0.5% of the measured pCO^ value. This correction has been applied to 
all the pCC^ values reported here. 
/c 
TABLE OF 
THE TTO NORTH ATLANTIC CARBONATE CHEMISTRY DATA 
The first nine columns represent the measured data obtained during the 
TTO Expedition,April - Oct.,1982"; on board the R/V Knorr. The following six 
columns represent the computed values for testing the internal consistency 
among the alkalinity, total CO^ concentration and pCO^ data. The values for 
depth, in situ temperature, salinity,silica, and phosphate were obtained by 
the Physical-Chemical Oceanographic Data Facilities Group,Scripps Institution 
of Oceanography. The alkalinity and total CO^ values were obtained by the 
Physical-Chemical Oceanographic Data Facilities Group in collaboration with 
Peter G.Brewer and Alvin Bradshaw of the Woods Hole Oceanographic Institution. 
The pCO^ data obtained by the Lamont-Doherty Geological Observatory group 
are listed under GC PC02 (the nineth column), and represent the values at 
20.0°C and 1 atm. total pressure. These values are an average of two or more 
analyses performed on single samples, with an exception of a small number 
of samples which were analyzed only once. The samples, which were analyzed 
only once, are indicated by S at the end of the values. Whenever the diffe¬ 
rence between two analyses or the standard deviation of three or more analyses 
exceeded 0.5% of the mean value, the values are flagged with *. 
PC02 20C in the first column of CALCULATED QUANTITIES represents the 
calculated pCO^ value at 20.0°C using the alkalinity and total CO^ concent¬ 
ration values obtained by the titration method. DELPC02 and DELPC02/PC02 
represent the difference between the measured and calculated quantities in 
microatmosphere and % respectively. Similarly, TC02 in the third column from 
the- right indicates the calculated total CO^ concentration using the measured 
alkalinity and pCO^ values. DELTC02 and DELTC02/TC02 represnt the differences 
between the measured and calculated values in uM/kg and % respectively. The 
mean of the differences at each station is listed at the end of each station 
listing. 
The computer program (FORTRAN for VAX) used for the above computations 
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